Abstract. Methotrexate (MTX) has been widely used for the treatment of cancer and rheumatoid arthritis (RA). Aspirin (ASA) is a non-selective cyclooxygenase (COX) inhibitor that contributes to the treatment of inflammatory conditions such as RA. It has been observed that the antitumor effect of ASA can be attributed to inhibition of cell cycle progression, induction of apoptosis and inhibition of angiogenesis. In the present study, we revealed that the treatment with a combination of MTX and ASA resulted in antagonism of the cytotoxic effect as demonstrated by SRB and colony formation assays. ASA alleviated the MTX-mediated S phase accumulation and recovered the G1 phase. MTX-mediated accumulation of the S phase marker cyclin A was also alleviated by ASA. Notably, FAS protein levels were upregulated by MTX in A549 cells. The antagonism of MTX efficacy caused by ASA was accompanied by altered expression of caspase-3, Bcl-2 and FAS but not dihydrofolate reductase (DHFR). This suggests that the alteration of caspase-3, Bcl-2 and FAS was involved in the antagonism between ASA and MTX. Exogenously added folic acid reversed the MTX-mediated DHFR inhibition following either MTX or MTX + ASA treatments. Most importantly, we demonstrated for the first time that the commonly used non-steroidal anti-inflammatory drug for headache ASA and possibly other COX-1/2 inhibitors can produce a strong antagonistic effect on the growth inhibition of lung cancer cells when administered in combination with MTX. The clinical implication of our finding is obvious, i.e., the clinical efficacy of MTX therapy can be compromised by ASA and their concomitant use should be avoided.
Introduction
Antifolates are the first class of antimetabolites introduced to the clinic approximately 60 years ago (1) . Methotrexate (MTX), a folic acid antagonist, competitively inhibits dihydrofolate reductase (DHFR) to disrupt cellular folate metabolism. MTX suppresses synthesis of purine and pyrimidine by inhibiting its target enzyme, DHFR (2) . MTX reversibly inhibits the proliferation of cells in the late G1 phase and may cause cytotoxicity of cells in the S phase (3) . MTX also promotes adenosine release to cause adenosine-mediated suppression of inflammation (4) . The adenosine-mediated anti-inflammatory effect of MTX is now supported by clinical data (5) . MTX has been widely used since 1985 for the treatment of rheumatoid arthritis (RA) via its presumed anti-proliferative properties (6) (7) (8) . MTX has also been used in dermatology for more than 5 decades. MTX was introduced to treat severe psoriasis vulgaris in 1951 (9) . The anti-psoriatic effect is based on its anti-proliferative, anti-inflammatory and possibly immunosuppressive properties (9) . Due to its cytotoxicity, MTX was also demonstrated to be a potent and effective therapy for cancers including leukemia (1) and head and neck cancers (10) . After years of use of antifolates against malignancies, particularly leukemia, the full understanding of the mechanisms of action of these agents remain unclear (1) . A recent report suggests that low-dose MTX is promising for tumor dormancy therapy in patients with osteosarcoma and lung metastasis (11) . However, combination treatment of MTX and PUVA may induce cancer (12) . To date, much effort has been given to investigate whether MTX combined with traditional chemotherapy drugs and/or radiotherapy produces a synergistic effect in the treatment of various types of cancers.
Aspirin (ASA), a cyclooxygenase (COX)-1/2 inhibitor, has been successful during the past century for its clinical use for anti-inflammatory conditions. Moreover, high doses of ASA (2.5-3.9 g/day) are sometimes used to treat diseases, such as RA (13, 14) . ASA also nonselectively blocks COX-1 and COX-2 via irreversible acetylation. COX-2 regulates many physiological functions such as augmentation of apoptosis, inhibition of angiogenesis and cell motility. Thus, high COX-2 expression in tumors has been associated with poor survival, and intake of ASA is associated with a decreased risk of various types of cancer including those of the colorectum, stomach, oesophagus, breast, ovary and lung (15) (16) (17) . ASA may also possess the potential for combination use with standard chemotherapy or radiation therapy. However, a reduction in renal clearance of MTX was observed in patients receiving a maintenance dose of MTX with nonsteroidal anti-inflammatory drugs (NSAIDs) (18, 19) . The combination of MTX and salicylates was found to greatly increased the frequency of abnormal liver enzyme values (20) . Due to its spectrum of effects, the increased toxic side effect of MTX was found to be caused by concomitant administration with ASA in patients (9) .
In the present study, we demonstrated that ASA does not increase the anti-proliferative activity of MTX against cancer cells in vitro, rather, ASA antagonizes the therapeutic efficacy of MTX in human lung cancers via preserving cell proliferation and survival. The mechanism involved in the antagonism between MTX and ASA was also investigated.
Materials and methods
Cell culture. The human lung adenocarcinoma cell lines were maintained in RPMI-1640 (CL1-0 cells) (21) or DMEM (A549 cells) supplemented with 10% fetal bovine serum and 2 mM L-glutamine, 100 µg/ml streptomycin and 100 U/ml penicillin, in a humidified 5% CO 2 atmosphere.
Reagents. ASA, MTX and ibuprofen (IBU) were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Celecoxib (CXB) was purchased from Calbiochem (an affiliate of Merck, Germany). The final concentrations of the drug vehicle (DMSO) added to the cell cultures were all <0.1%.
Cell viability assay. Cell viability was assayed by SRB staining as described previously (22) . In brief, cells (1.5x10 3 /well) were seeded on 96-well plates, followed 24 h later by treatment with drugs (or vehicle control) for 72 h. Absorbance at 562 nm was measured with an ELISA reader. Cell viability was expressed as the percentage of absorbance of the drug-treated cells relative to that of the vehicle-treated cells. The combination index (CI) was evaluated by the method of Chou and Talalay (23, 24) .
Clonogenicity assay. One hundred cells were seeded in a 10-cm culture dish, followed 24 h later by incubation with the drugs (or vehicle control) for 2 weeks (CL1-0) or 3 weeks (A549). Colonies consisting of >20 cells were counted. Colonies were washed with phosphate-buffered saline (PBS), air dried and stained with 0.4% crystal violet for 1 min, rinsed in water, air dried and photographed.
Cell cycle analysis. Cells (2x10 5 /dish) were plated in 10-cm dishes, followed 24 h later by treatment with the drugs (or vehicle control) for the intervals indicated. At harvest, cells were trypsinized, washed in PBS and fixed in ice-cold 70% ethanol in PBS. Cell cycle was assayed by propidium iodide staining, followed by FACScan analysis. Cell cycle profiles were determined using ModFit LT software (Becton-Dickinson, San Diego, CA, USA).
Western blot analysis. At harvest, total protein extracts were prepared, and the concentration was determined using the Bradford method. Aliquots containing 20 µg of total protein each were subjected to western blot analysis. Antibodies against cyclin A (sc-239), FAS (sc-8009), caspase-3 (sc-7272) and Bcl-2 (sc-509) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Antibody against DHFR (15194-1-AP) was purchased from Proteintech Group, Inc. (Chicago, IL, USA).
Reverse transcription (RT)-polymerase chain reaction (PCR)
analysis. Total RNA was extracted from cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). RT was performed using 1 µg of total RNA as a template and random hexamer as a primer. The cDNA was amplified by PCR using FAS-and DHFR-specific primer pairs (DHFR forward primer, GAATCACCCAGGCCATCTTA and reverse, GCCTTTCTC CTCCTGGACAT; Fas forward primer, ACGGAGTTGGGG AAGCTCTT and reverse, TGTCAGTCACTTGGGCATTA ACA). Actin was used as an internal control (actin forward primer: AGCGAGCATCCCCCAAAGTT and reverse, GGG CACGAAGGCTCATCATT). PCR was performed by denaturing the DNA at 94˚C for 5 min, followed by 30 cycles of amplification: 94˚C for 30 sec, 60˚C for 30 sec, 72˚C for 60 sec and a final extension step at 72˚C for 10 min. Amplified fragments were separated on a 1.0% agarose gel and visualized with ethidium bromide staining.
Statistical analysis. All data are expressed as means ± SE. All statistical analyses were performed using the paired t-test (SigmaPlot 2001 software). P<0.05 was considered to indicate a statistically significant result.
Results

MTX and ASA exert an antagonistic anticancer effect.
The anticancer effects of the two drugs, the DHFR inhibitor MTX and the COX-1/2 enzyme inhibitor ASA, were tested individually and in combination, in two human non-small cell lung cancer cell lines, CL1-0 (Fig. 1A -C) and A549 ( Fig. 1D-F ). As shown in Fig. 1A , while treatment of CL1-0 cells with ASA 2 mM or MTX 12.5 nM alone resulted in ~40 and 75% decreases in cell numbers (i.e., 60 and 25% viability remained), respectively, when compared to the control, treatment with the combination of ASA + MTX only resulted in a 46% decrease (i.e., 54% viability) instead of a predicted 85% decrease (=100% -60% x 25%) if the combination treatment would have been additive. A decrease in more than 85% would be expected if the combination effect was synergistic. Of note, the antagonistic effect of the MTX + ASA combination was also shown by the upper-right shift in the MTX survival curves following the addition of increasing doses of ASA to MTX (Fig. 1B) . To quantitatively determine the magnitude of the antagonistic effect of the MTX + ASA combination treatment, the CI method of Chou and Talalay (23, 24) was employed. Virtually all CI values in the CI plots were significantly >1 (Fig. 1C and F) , indicating a strong antagonism. Similar results were also observed for the A549 cells (Fig. 1D-F) .
Colony formation assays were performed to further demonstrate the effects of the combination treatment of MTX and ASA. Images of the colonies grown in the presence or absence of various drugs are shown in Fig. 2A (CL1-0) and Fig. 2C (A549) . While CL1-0 and A549 cells were different in sensitivity to ASA, marked antagonistic effects were observed in both CL1-0 and A549 cells when the two drugs were combined ( Fig. 2B and D) .
MTX-mediated S phase arrest is antagonized by ASA.
The effects of ASA on the cell cycle were examined in our previous study (25) . Here, we assessed the effects of ASA on MTX-mediated alterations in the cell cycle. As shown in Fig. 3A (upper panel) , while MTX alone induced a significant accumulation of CL1-0 cells in the S phase accompanied by a marked decrease in the number of cells in the G0/G1 phase, co-treatment with ASA effectively reversed these changes. Cyclin A is an S phase-specific regulatory protein that functions to induce mitosis. Expression of cyclin A is normally low in G1 phase but increases in S phase. Consistent with the blockade of S to G2/M phase transition, MTX treatment resulted in a marked accumulation of cyclin A protein (Fig. 3A, lower  panel) . Moreover, the MTX-mediated cyclin A accumulation was reversed by co-treatment with ASA. Notably, combination treatment with MTX + ASA resulted in a marked decrease in the number of CL1-0 cells in the G2/M phase. Similar results were obtained using A549 cells (Fig. 3B) .
ASA prevents MTX-mediated apoptosis via inhibition of caspase-3 activation and upregulation of Bcl-2 expression.
We next examined the effects of MTX and ASA treatments, individually and in combination, on cell cycle progression and apoptosis after 72 h. Consistent with the 24-h treatment results in the CL1-0 cells, concomitant addition of ASA resulted in a significant reversal of MTX-mediated S phase arrest and depletion of G0/G1 phase cells (Fig. 4A) . Importantly, the number of MTX-mediated apoptotic A549 cells was significantly reduced by ASA (Fig. 4B, left) . The antagonistic effect of ASA against MTX was further supported by the result of the western blot analysis (Fig. 4B, right) . While MTX treatment caused a reduction in Bcl-2 and pro-caspase 3, ASA treatment had an opposite effect. More importantly, following MTX + ASA co-treatment, the MTX-mediated effects on Bcl-2 and pro-caspase 3 were also reversed. 
ASA antagonizes the MTX-mediated FAS protein level, but not DHFR.
To assess whether expression of DHFR and FAS is correlated with the antagonism between ASA and MTX, the treated cells were harvested and analyzed by western blotting and RT-PCR (Fig. 5) . DHFR protein levels were upregulated by MTX in both CL1-0 and A549 cells. Notably, while ASA alone had no effect on the DHFR and FAS protein levels, MTX-induced upregulation of FAS, but not DHFR, was reversed by ASA in A549 cells (Fig. 5A, right) . This indicates that MTX-mediated apoptosis of A549 cells depends on an increased level of FAS. DHFR and FAS were not affected at the mRNA level (Fig. 5B) . 
DHFR and COX-1/COX-2 are involved in MTX-mediated cancer cell growth inhibition.
We aimed to ascertain whether DHFR activity is involved in the antagonistic effect of MTX and ASA co-treatment with folate. As shown in Fig. 6A-D Fig. 7A and B shows that starvation pretreatment protected the cells from MTX treatment, presumably due to starvation-caused G1 phase arrest. The G1 phase synchronization can protect cancer cells from MTX-mediated cytotoxicity in the S phase. In order to elucidate whether these ASA effects were mediated through COX-1 or COX-2 inhibi- tion, we compared the COX-2-selective inhibitor CXB and the non-selective inhibitor IBU. As shown in Fig. 7C and D, while CXB also exhibited antagonism with MTX to some extent, IBU exerted a significantly more potent antagonism with MTX, indicating that both COX-1 and COX-2 are involved. 
Discussion
While toxicity is common when ASA or NSAIDs are used with MTX to treat RA (26), MTX and ASA are prescribed as the cornerstone of therapy for RA (6, 7, 14, 27, 28) . In addition, MTX is a clinically useful blocker of DHFR (2, 29) , and shows efficacy in the treatment of acute leukemias and a number of types of solid tumors. MTX or ASA may be used in monotherapy or in combination with other agents. In the present study, the combination treatment with MTX + ASA was compared with treatment of each drug alone in lung cancer cells by evaluating changes in cell survival, cell cycle progression, cell proliferation and apoptotic cell death. Individually ASA and MTX are effective in the treatment of cancer; however, drug antagonism may pose a major obstacle to their effectiveness when they are combined.
MTX acts specifically in the S phase, and therefore exerts its activity in a cell cycle-specific manner (3). Recently, we reported that ASA induces G1 phase accumulation in CL1-0 and A549 lung cancer cells (25) , indicating that ASA controls cell cycle progression, and this may be the underlying mechanism that affects the therapeutic efficacy of MTX. Additionally, results of this study found that serum-starved cells were also resistant to MTX (Fig. 7) , presumably through synchronizing cells in the G1 phase and inducing growth arrest, an effect similar to that induced by ASA. The observation that both COX-1 and COX-2 inhibitors antagonized the antineoplastic effect of MTX is important. COX-1/2 inhibitors, including IBU and CXB, have been shown to induce a blockade of the G1 to S phase transition and E2F inhibition (30, 31) , and these effects may have contributed to their antagonizing effects against the efficacy of MTX. Thus, we hypothesized that concomitant use of ASA decreases the MTX-mediated S phase arrest and plays a role in quenching the G1 to S phase transition to protect cells from MTX-mediated cytotoxicity. Additionally, the level of cyclin A is low during G1 phase but begins to accumulate at the onset of the S phase and contributes to the process of the S phase (32) , and subsequently, is degraded during the prometaphase (33) . Here, we showed that the MTX-induced growth inhibition was associated with a marked S phase arrest as well as a significant accumulation of cyclin A. Generally, downregulation of cyclin A results in cell cycle arrest in the S phase. The accumulation of cyclin A suggests that the MTX-induced S phase arrest was the result of a blockade of DNA synthesis, instead of the result of a direct regulation of the cyclin-Cdk pathway. Moreover, ASA may decrease the MTX-mediated accumulation of cells in the S phase and cyclin A by maintaining cells in the G1 phase.
Caspase-3 and Bcl-2 proteins play a critical role in determining the threshold of apoptotic cell death. Here, we demonstrated that ASA treatment may protect cells from apoptosis through its ability to reverse the MTX-mediated upregulation of caspase-3 and downregulation of Bcl-2. The FAS death receptor is known to be expressed not only in immune cells but also in various types of tumor cells. Binding of FAS to its ligand, FasL, triggers a signaling cascade that leads to apoptosis (34) . However, recent evidence suggests that intracellular FAS can also be activated via a FasL-independent pathway (35) . During tumor development, expression of FasL was found to be increased and was associated with decreased expression of FAS in solid tumors (36) . Collectively, restoration of the Fas/FasL pathway is a viable approach for novel therapeutic strategies (37) . In the present study, MTX treatment increased the FAS protein level that may have had an effect on the cytotoxicity of MTX. Importantly, while treatment with ASA alone did not affect the FAS level, ASA significantly antagonized the MTX-mediated increase in FAS protein. The data shown in Fig. 5 suggest that the decreased MTX-mediated apoptosis by ASA was likely through the downregulation of FAS. Since the FAS/FasL system is important in inducing cancer cell apoptosis (35) , the effect of the downregulation of FAS by ASA may present a novel mechanism underlying the MTX + ASA antagonism that warrants further in-depth investigation.
Antifolates are classic antitumor agents that inhibit key enzymes in DNA synthesis, i.e., DHFR (38, 39) . The rhythmic change in MTX efficacy was observed to correspond to changes in the DHFR activity of cells (3) . MTX inhibits cancer cell proliferation through tight-binding and by depletion of DHFR activity, and it was thus important to elucidate whether DHFR activity is involved in the MTX + ASA antagonism. Fig. 6 shows that almost all of the MTX-treated cancer cells were recovered in terms of viability following folic acid addition. Moreover, addition of folic acid reversed the MTX-mediated anticancer effect and the antagonism noted following the MTX + ASA combination treatment. The ASA-mediated anti-proliferative effect noted following treatment with ASA alone was not affected. Folic acid also restored the effects of MTX-mediated DHFR inhibition and DNA replication, as well as the transition from S phase. The results suggest that DHFR activity is involved in both the MTX-mediated cytotoxic effect and the antagonism observed following combination treatment with MTX + ASA. Several reports have described that the amplification of DHFR is a common mechanism of resistance to MTX (40) (41) (42) (43) . Previous studies have indicated that DHFR expression is regulated by E2F-1 (38, 39) . And E2F has also been found to be expressed in a cell cycle-dependent manner and is essential for G1/S phase transition. Our previous results suggest that ASA inhibits E2F-1 expression (25) , indicating that ASA may control cell cycle progression and thereby may affect MTX efficacy. As shown in Fig. 5 , MTX exposure upregulated the expression of DHFR protein but not its mRNA transcript, indicating that the ASA-mediated E2F-1 downregulation was not involved in the alteration of DHFR in this study. Previous studies (40, 44, 45) have shown that DHFR protein regulates its own transcript translation through direct binding to its own mRNA; and thereby constitutes a translational autoregulation loop. Hence, the adaptive mechanism may allow cells to rapidly respond and to decrease MTX sensitivity (45) . Binding of MTX to DHFR inhibits DHFR activity as well as the interaction of the DHFR protein with its mRNA. In the present study, we also observed the adaptive effect of DHFR translational upregulation when the lung cancer cells were treated with MTX. In contrast, ASA did not affect the DHFR translational autoregulation either with or without MTX, suggesting that the ASA-mediated attenuation of MTX sensitivity was independent of this DHFR adaptive mechanism. Taken together, our data revealed that pharmacologic concentrations of ASA can antagonize the efficacy of the chemotherapeutic agent MTX. These results are of high clinical relevance given the widespread use of NSAIDs and COX-1/2 inhibitors. The results also suggest that any agent that causes G1 accumulation may also exert an antagonism against MTX and adversely influence the treatment outcome of MTX therapy. Further studies are required to address the precise causes and clinical implications of the combination of MTX and NSAIDs for RA and cancer therapy.
